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. Raman and Infrared spectroscopic study was used to obtain further structural information about the nature of bonding in selected compositions.
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Ba A'' IV = Zr, Ce, Th) compounds [4] . As a result of various cationic substitution in A sites of A III PO 4 phases, new family of oxides crystallizing in several structural types as Monazite, Zircon (Xenotime), Scheelite, Cheralite, Nasicon and Yavapaiite type compounds have been synthesized and characterized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . For smaller M IV ions, as in the Ba II 0.5 M IV 0.5 PO 4 (M IV = Ti, Zr, Hf, Ge, Sn, Mo) series, a monoclinic structure isotypic of the K 0.5 Fe 0.5 SO 4 yavapaïte (C2/m space group) is obtained [6] [7] [8] [9] . Note that these phases have a structure which is made of layers of Ba II cations in tenfold coordination, alternating with dense slabs built up of corner-connected of M IV O 6 octahedra and PO 4 tetrahedra. This structure changes into a trigonal one at high temperature (P-3m1) through a simple mechanism involving the unfolding of the [M(PO 4 ) 2 ] n 2-layers [19] . Numerous compounds among the A II M IV (PO 4 ) 2 (A= Ba, Pb, Sr, Ca; M = Ge, Ti, Mo, Zr, Sn, Pu, Np, U, Th) family have structures which are related to the yavapaiite type structure. In fact, their structure is strongly dependant to the nature and/or size of the A II and M IV cations. More recently the relationships between composition and crystal structure of some A II M IV (PO 4 ) 2 compounds are established [20] . Thus, Morin et al. have shown that the structure of PbSn(PO 4 ) 2 (space group P2 1 /n) is related to the yavapaiite type but the lead atoms are located in zigzag tunnels instead of layers [10] . This last structure was explained by the presence of an active Pb II lone pair which has been localized from electrostatic interactions. The AZr(PO 4 ) 2 (A=Ca, Sr and Ba) have a different crystal structure at room temperature. Whereas BaZr(PO 4 ) 2 has a monoclinic yavapaiite structure, the SrZr(PO 4 ) 2 is triclinic (P1 space group) at room temperature and during heating, the compound shows two other polymorphic forms. SrZr(PO 4 ) 2 undergoes a triclinic to monoclinic transition at 405 K, and then to trigonal at 1196K [11] . Structural study of the SrZr(PO 4 ) 2 -BaZr(PO 4 ) 2 system reveals the occurrence of two phase transitions during heating and the space group has changed from P2/c to C2/m at 400 K followed by monoclinic-to-hexagonal (or trigonal) transition at 1060 K [21] . The P2/c-C2/m phase transition can be explained by the fact that the P2/c space group is a Maximal klassengleiche subgroups of C2/m (n°12) as a result of the loss of centring translations [22] . In the case of CaZr(PO 4 ) 2 , the structure was first shown to be orthorhombic (P2 1 2 1 2 1 space group) and totally different from the yavapaite one [12] . Recently, their crystal structure has been revised by ab initio Rietveld analysis of X-ray powder diffraction data [13] . The structure is shown to be orthorhombic with space group Pna2 1 . A reversible second order transition was confirmed by high temperature XRD analysis and the space group is (Pnma, Z = 4). Results of single-crystal X-ray diffraction analysis show that both SrM IV (PO 4 ) 2 (M = Ti, Sn) materials are isostructural and crystallise in a distorted yavapaiite-structure (DY) with monoclinic C2/c space group [14] . X-ray Rietveld analysis shows also that high-temperature β-SrGe(PO 4 ) 2 (C2/m space group) are isotypic with the true yavapaiite (TY) whereas the low-temperature α-SrGe(PO 4 ) 2 and the CaGe(PO 4 ) 2 (C2/c space group) are distorted derivatives [8] . In the same context note that the phase transition from C2/c to C2/m, which was reported for SrGe(PO 4 ) 2 , is in good agreement with the fact that C2/c is a maximal klassengleiche subgroups of C2/m resulting from an enlargement of the unit cell [22] . Actinide barium phosphate, BaAn IV (PO 4 ) 2 (An IV = Th, Np) can also be seen as modified yavapaiite derivatives M A N U S C R I P T
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with increased coordination numbers for Ba (XIV) and Th/Np (VIII) [23] . On the other hand, SrNp(PO 4 ) 2 structure is more related to cheralite than to yavapaiite [24] . (24 h ) and 800 °C (48 h) in air. Additional treatments up to 850°C (48 h) are necessary for obtaining a pure sample. The products of reaction were characterised by X-ray diffraction (XRD) at room temperature with a Panalytical X′Pert-PRO (θ-2θ) diffractometer; (CuKα) radiation (45 kV, 40 mA). The data were collected over 8 h from 10 to 140° (2θ), in steps of 0.01313° for [Sr] and [Pb] phases and from 5 to 100° (2θ), in steps of 0.016711° for [Ba] . The Rietveld refinement of the structure was performed using the Fullprof program [26] . The infrared spectra were recorded in the form of KBr pellets in the wave number range 1500-400 cm −1 using a Bruker's VERTEX 70 spectrometer and the Raman spectra are recorded on RENISHAW 1000B spectrometer in the wave number range 50-1500 cm −1 . All the spectra have been recorded at room temperature.
Results and discussion
According to the literature data, peak positions and intensities of the XRPD patterns of Ba(Sb 0.5 Fe 0.5 )(PO 4 ) 2 were close to those of the room temperature variety of BaZr(PO 4 ) 2 (C2/m space group, Z = 2) [6] , therefore its XRPD patterns can be indexed, in a first approximation, on a similar monoclinic cell. In the case of the A(Sb 0.5 Fe 0.5 )(PO 4 ) 2 (A = Sr, Pb) monophosphates, the peak positions and relative intensities of the XRPD patterns were almost similar to those of the yavapaiite BaZr(PO 4 ) 2 type-phase; however several additional weak extra reflections were observed. Figure 1 . Results of the Rietveld refinement and selected interatomic distances are given in Tables 1 and 2 respectively. X-ray powder diffraction data, obtained from the ''observed intensities'' of the Rietveld refinement (CuKα1 : 1.540 56 Å), of [Ba] phase is presented in Table 3 . Structure of Ba(Sb 0.5 Fe 0.5 )(PO 4 ) 2 consists of three types of polyhedra, BaO 10 , PO 4 and Sb(Fe)O 6 ( Fig. 2) . It can also be viewed as being composed of alternating edgesharing BaO 10 bicapped square antiprism and Sb(Fe)O 6 octahedra forming chains parallel to c-axis (Fig. 2b ). There are five chains per unit cell (Fig. 2a) . Each Sb(Fe)O 6 octahedral is bound by its vertices to six PO 4 tetrahedra and shares two of its edges (i.e., O(3)-O(3) one) to two BaO 10 polyhedra ( Fig. 3a and 3b ). The framework can be described as consisting of dense slabs of Sb(Fe)O 6 octahedra and PO 4 tetrahedra interconnected via corner-sharing, alternating along the c-axis with layers of Ba cations in ten-fold coordination ( Fig. 2a and 2c ). The ten oxygen atoms of each BaO 10 polyhedron belong to six phosphate PO 4 groups. Eight of the oxygen atoms come from four bidentate PO 4 groups and the two other oxygens belong to the other two monodentate PO 4 groups ( Table 2 ). The first group contains six relatively shortest Ba-O distances with values varying between 2.75 and 2.83 Å whereas the second group is formed by four longest Ba-O distances with a value of 3.11 Å. Therefore, the coordinence of Ba atoms in Ba(Sb 0.5 Fe 0.5 )(PO 4 ) 2 can be considered as 6+4. Obtained Sb(Fe)-O interatomic distances are consistent with the crystal radii values in six coordination of Sb 5+ and Fe 3+ ions [27] . Note that the similarity of the crystal radii of Fe 3+ (0.785 Å, HS) and Sb 5+ (0.74 Å) ions is in favor of their distribution in the same site. P-O distances values match well with those typically observed in phosphates and the O-P-O angles vary between 105 and 118°. In order to have more structural information, the bond valence sum (BVS) based on bond strength analysis [28] for Ba(Sb 0.5 Fe 0.5 )(PO 4 ) 2 were also computed. As shown in Table 2 [Pb] and that of the C2/m space group of the TY. This last group-subgroup relation is a consequence direct of the enlargement of the unit cell [22] . The Check-Group program, which is integrated within the Fullprof-suite program [30] , has been used to obtain the ordered list of possible space groups (see details in [Pb] Cell choice 3.spg as supplementary information file). Among the thirteen possible space groups (ie.
, the I2/a (n°15) was found with the satisfactory merit factors. Given that I12/a1 (cell choice 3) is not a standard space group, the cell edges of the doubled-cell DY in the standard C2/c (n°15) space group (cell choice 1) can be deduced by the following vectorial relations (a 1 = -a 3 -c 3, figure 4b . As it will be shown later, the unindexed reflections in figure 4a appear as the h+l = 2n+1 superstructure reflections of a C2/c doubled cell similar to that obtained by Zhao et al. for SrTi(PO 4 ) 2 [14] . Note that among the two possible Cc and C2/c space groups, the choice of structural refinement in the high-symmetry C2/c space group seems to be the most probable. In the succeeding step of Rietveld refinement, the initial starting structural parameters were based on those already reported for SrTi(PO 4 Tables 7 and 8 respectively. X-ray powder diffraction data, obtained from the ''observed intensities'' of the Rietveld refinement (CuKα1 : 1.540 56 Å), of both phases are given in Tables 9 and 10 (Fig. 8b) 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
This last result agrees with the recent report by some of us about the relationships between composition and crystal structure [20] . Indeed we can conclude that for alkaline earth metal cations of smaller and/or equal size than the Ca 2+ ions, the [SbFe(PO 4 
) 3 ]
-Nasicon framework seems to be the more stable.
Raman spectroscopy
Raman and Infrared spectroscopic study was undertaken in order to obtain further structural information about the nature of bonding in A(Sb 0.5 Fe 0.5 )(PO 4 ) 2 (A = Sr, Pb) phases. Given that the yavapaiite structure contains both isolated PO 4 groups and isolated Sb(Fe)O 6 groups, the vibrational pattern is obviously typical of an orthophosphate. Note that the vibrational modes of tetrahedral PO 4 molecules are well known [36] . Generally the IR and Raman spectroscopic study of orthophosphate shows that phosphate group vibrations are strong compared to the lattice modes and metal-oxygen vibrations. The IR and Raman band positions of the four (ν 1 -Nasicon framework seems to be the more stable. Further investigations on the relationships between composition and crystal structure, as well as research on potential application of phases of general formula A Table 1 . Results of the Rietveld refinement of Ba(Sb 0.5 Fe 0.5 )(PO 4 ) 2 . Table 9 . Powder diffraction data of Sr(Sb 0.5 Fe 0.5 )(PO 4 ) 2 (CuKα 1 ; λ = 1.5406 Å). Table 10 . Powder diffraction data of Pb(Sb 0.5 Fe 0.5 )(PO 4 ) 2 (CuKα 1 ; λ = 1.5406 Å). 
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